. Noebels. cells (Alonso and Llinas 1989; Coulter et al. 1989; Guyon Increased excitability and inward rectification in layer V cortical Huguenard and Prince 1992, 1994; Silva et al. pyramidal neurons in the epileptic mutant mouse stargazer. J. Neu-1991; Steriade et al. 1990; Tsakiridou et al. 1995) ; 2) funcrophysiol. 77: 621-631, 1997. The excitability of layer V cortical tional alterations in the strength of recurrent inhibitory synpyramidal neurons was studied in vitro in the single-locus mutant aptic inputs, in particular those of the reticulothalamic group mouse stargazer (stg), a genetic model of spike wave epilepsy. (Crunelli and Leresch 1991; Hosford et al. 1992; Liu et al. cending afferent pathways by neuromodulatory actions of Intracellular and whole cell recordings from stg/stg neurons in deep layers showed spontaneous giant depolarizing excitatory post-transmitters such as noradrenaline and acetylcholine (Buzsynaptic potentials generating bursts of action potentials, and a 78% saki et al. 1988; McCormick 1992; Noebels 1984) . The reduction in the afterburst hyperpolarization. Whole cell recordings existence of multiple spike wave gene loci (Noebels 1995) revealed gene-linked differences in active membrane properties in and the heterogeneity of the intervening mechanisms respontwo types of regular spiking neurons. Single action potential rise sible for the spike wave seizure trait (Qiao and Noebels and decay times were reduced, and the rheobase current was de-1991) predict that any one or more of these distinct sites creased by 68% in mutant cells. Plots of spike frequency-current may be a potential target of different gene mutations. (Noebels et al. 1990). The seizures consist of 1-to differences were observed in the layer V pyramidal neuron popula-10-s episodes of bilaterally synchronous and symmetric tion between the two genotypes. These results demonstrate an au-spike wave activity (6 per s) in cortex and thalamus. The tonomous increase in cortical network excitability in a genetic seizures begin developmentally on postnatal day (P) 16-epilepsy model. This defect could lower the threshold for aberrant 18, and occur at a high rate (Ç125 per h) during the waking thalamocortical spike wave oscillations in vivo, and may contribute state. To determine whether the stg mutant gene error dito the mechanism of one form of inherited absence epilepsy.
The stargazer mutant mouse (stg, chromosome 15, recesby 29% in the mutant. Comparisons of visually identified pyramidal sive) shows generalized nonconvulsive spike wave seizures neuron firing properties in both genotypes revealed no difference with behavioral arrest that are blocked by ethosuximide and in single action potential afterhyperpolarization. Voltage-clamp recordings showed an approximately threefold amplitude increase in resemble the clinical phenotype of generalized absence epia cesium-sensitive inward rectifier. No cell density or soma size lepsy (Noebels et al. 1990 ). The seizures consist of 1-to differences were observed in the layer V pyramidal neuron popula-10-s episodes of bilaterally synchronous and symmetric tion between the two genotypes. These results demonstrate an au-spike wave activity (6 per s) in cortex and thalamus. The tonomous increase in cortical network excitability in a genetic seizures begin developmentally on postnatal day (P) 16-epilepsy model. This defect could lower the threshold for aberrant 18, and occur at a high rate (Ç125 per h) during the waking thalamocortical spike wave oscillations in vivo, and may contribute state. To determine whether the stg mutant gene error dito the mechanism of one form of inherited absence epilepsy.
rectly alters the excitability of thalamocortical networks, and to localize where in this circuit the functional defect may be expressed, we examined the behavior of stg cortical neu-I N T R O D U C T I O N rons in hemisected brain slices with the use of field, intracelThe spike and wave pattern of cortical synchronization is lular, and whole cell current-clamp recordings. A region a distinctive electrographic feature of generalized absence of parietal cortex showing maximal electroencephalographic seizures, a major form of inherited epilepsy. Current hypoth-(EEG) seizure discharge amplitude was examined. Layer eses regarding the generation of this aberrant synchronous V neurons were selected because of their reported role in discharge center on abnormal synaptic control of intrinsic generating synchronous cortical network oscillations (Silva rhythmic membrane firing properties underlying normal tha-et al. 1991 ). Here we describe the presence of cellular excitlamocortical oscillations (Steriade et al. 1993) . The recipro-ability defects in the isolated mutant neocortex, including cal connections between pyramidal neurons in deeper layers an increased inward rectifier conductance, that may contribof the neocortex, cortical relay neurons in the thalamus, and ute to inherited spike wave epileptogenesis. their respective interneurons including those in the reticular thalamic nuclei are believed to form the elementary pace-M E T H O D S making circuit altered by the epileptogenic defect.
Slice recording methods Several general possibilities, expressed at one or more sites within the cortex or thalamus, may contribute to insta-NaOH. In Mg 2/ -free experiments, MgSO 4 was omitted. Serial Visualized whole cell recordings oblique coronal slices (350-400 mm) oriented to preserve thalamoTo study single action potential afterhyperpolarization (AHP) cortical connectivity (Agmon and Connors 1991) were cut (Viand the inward rectifier conductance, layer V pyramidal neurons broslicer, Campden Instruments), incubated for ¢1 h at 25ЊC, and were individually identified by their morphological characteristics transferred to an interface-type recording chamber maintained at under video microscopy (Axioskop, Zeiss; Dage/Hamamatsu 32 { 1ЊC. Standard electrophysiological techniques were used. C2400 camera) as described by Stuart et al. (1993) . Slices were Electrodes were pulled with the use of a horizontal puller (Flamprepared from P18 to P20 according to the procedure described ing/Brown P-87) and filled with 3 M potassium acetate and 0.05 above. Experiments were conducted at room temperature. Pipettes M KCl (70-110 MV) for intracellular recording. NaCl (2 M) (5-were pulled with the use of a vertical puller and polished (Na-10 MV) was used to fill pipettes for field recording. To analyze rishige, PP-83 and Narishige microforge), then filled with (in mM) layer V pyramidal cell properties, blind and visualized whole cell 145 KMeSO 4 , 2 Na 2 ATP, 2 HEPES, and 0.1 EGTA, to minimize current-clamp recordings were obtained from coronal slices of temalterations of the Ca 2/ -activated AHP (adapted from Zhang et al. poroparietal cortex at the level of the habenular nucleus. These 1994). In all experiments signals were amplified (Axopatch 1D, slices did not include thalamocortical connectivity. The procedure Axon Instruments), digitized (Neurocorder, Neurodata Instrudescribed previously was followed, except that the slices were ments), and stored on tape for subsequent analysis (Digidata 1200/ submerged in the bathing solution.
pClamp 6.1, Axon Instruments). A stimulator (Winston Electronics) was used for current-clamp protocols. Voltage-clamp protocols
Blind whole cell recordings
were run with the use of pClamp 6. Signals were filtered (5 kHz, 03 dB) and the series resistance (15-25 MV) was compensated Most of the intrinsic properties were studied with the use of the by ¢50%. The inward rectifier current amplitude was measured blind whole cell recording technique (Blanton et al. 1989 ) (9 mice by subtracting instantaneous current from steady-state current. from each genotype). Electrodes (4-7 MV) were pulled with the Leak was not subtracted. Cesium chloride (CsCl, 3 mM, Sigma) use of a two-step program and filled with (in mM) 130 potassium was used to block the inward rectifier. During CsCl superfusion, gluconate, 10 N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid V r was monitored, and the effect of CsCl on resting values was (HEPES), 10 ethylene glycol-bis(b-aminoethyl ether)-N,N,N,N-taken after stabilization. Neuron capacitance was estimated by tetraacetic acid (EGTA), 1 MgCl 2 , 1 CaCl 2 , and 2 Na 2 ATP, pH compensation of the whole cell capacitance after breakthrough. All adjusted to 7.4 with KOH. The microelectrodes were visually posi-values are presented as means { SE. For each parameter the statistitioned under oblique lighting. Offset between the reference electrode cal differences between both genotypes were tested with the use and the pipette was zeroed when touching the recording chamber of the nonparametric Mann-Whitney U test (Sigma Stat, Jandel superfusate. Output bandwidth was 30 kHz for current-clamp experi-Scientific). Statistical significance was obtained for P õ 0.05. ments. The bridge was balanced after membrane breakthrough and monitored throughout the recording. The indifferent electrode was a
Immunostaining and morphological analysis
Ag/AgCl wire. Liquid junction potentials between the perfusion and pipette solutions ranged from 9 to 10 mV. Resting membrane potenDeep layer pyramidal neurons from 2-mo-old stg and wild-type tial (V r ) values given in the text were corrected. Series resistances cortex were visualized with the use of immunocytochemistry with were typically õ25 MV, and were compensated with the use of the an antibody raised against potassium channel Kv2.1 (Shab-related bridge balance. Neurons were accepted for analysis if they had a subfamily 2, KCNB1) antigen that shows prominent staining of gigaohm seal (typically 2-3 GV), a stable V r , and an overshooting large pyramidal cell somas and apical dendrites (Maletic-Savatic action potential. Input membrane resistance was estimated from a et al. 1995). Sections (30 mm thick) were stained following the 500-ms, 100-pA hyperpolarizing current pulse. Rise time, decay time, procedure described in Maletic-Savatic et al. (1995) , and were and half-width were measured for each of five single action potentials visualized by light microscopy at 140 magnification (Zeiss, evoked by brief depolarizing current pulses (2-5 ms) in each cell. Axioskop). The surface area of deep layer cortical pyramidal soThese values were then averaged for comparison between the two mas was measured by outlining the circumference in digitized genotypes. For action potentials exhibiting a depolarizing afterpoten-images (IMAGE TOOL, UTSA). Statistical analysis was pertial, the decay time measurements were performed at the end of the formed with the use of the Student's t-test. fast repolarizing phase before the depolarizing afterpotential was evoked.
The membrane responses to a series of 1-s negative current R E S U L T S pulses (in 100-pA increments) were recorded. In the mutant cells,
Spontaneous synchronous discharges in stg neocortex in
there was evidence of depolarizing ''sag'' during large hyperpolarvitro izing responses. The voltage response was measured at the peak (150 ms from the onset of the pulse) and at the end of the 1 s Extracellular recordings in aCSF revealed the presence of hyperpolarizing current pulse. The intensity of the current pulse very low-frequency (õ1 per min) abnormal spontaneous (1 s in duration, 0.5 Hz) that generated an action potential in 50% network discharges with an irregular rhythm in all layers of of the current injections was defined as rheobase. To study repetimutant thalamocortical slices (12 of 16 mice, Fig. 1A ) but tive firing properties, depolarizing current pulses (1 s in duration, 0.16 Hz) were applied in 10-to 20-pA increments from 90 pA to not in wild-type slices (0 of 37 mice). Field potentials in the current that produced a maximum of 20 spikes/s. For each the stg/stg cortex had amplitudes ranging from 0.1 to 1 depolarizing step, the number of evoked action potentials was mV, with larger amplitudes measured in the deeper cortical counted and plotted against current amplitude. The frequency-cur-layers. Discharge durations ranged from 160 to 270 ms. In rent ( f-I) relationships were then graphed (Sigma Plot, Jandel slices from both genotypes, no spontaneous network disScientific). The mean firing frequency (Hz/nA) was calculated charge activity could be detected in thalamic nuclei, or from the slope of a regression line obtained from each f-I plot. within hippocampal granule cell and pyramidal cell layers.
Membrane time constants were calculated from the membrane reThe cortical discharges in the mutant slices arose indepensponse to a 1-s, 100-pA hyperpolarizing pulse. An exponential dently of thalamic inputs, because they persisted after surgicurve fitting algorithm (pClamp, Axon Instruments) was applied cal isolation of the cortex from the remainder of the slice. and 13 mutant neurons located in, or bordering, neocortical cur other than those arising concurrently with the spontaneous field potential discharge (data not shown). layer V. These neurons showed electrophysiological properties similar to those described for regular-spiking neurons in these layers (Connors et al. 1982; McCormick et al. 1985) . Mutant cortical network excitability in magnesium-free Spontaneous firing of the neurons was not observed on or aCSF immediately after impalement. Mean values for V r (/// 068 { 7 mV, n Å 19; stg/stg 070 { 8 mV, n Å 13) and
The rate of spontaneous abnormal discharges in mutant cortical neurons in aCSF was low (0.1-1 per min), thus input resistance (R in ) (/// 62 { 24 MV, n Å 14; stg/stg 61 { 18 MV, n Å 13) did not significantly differ between making their bursting characteristics difficult to study. To analyze firing properties in mutant neurons during synchrowild-type and mutant neurons. In the mutant, intracellular recordings showed a giant depolarization during the sponta-nous network bursting, we perfused the slices with a Mg 2/ -free aCSF. This solution induces frequent (2 per min) repetineous field discharge (Fig. 1B) . This depolarization had a mean amplitude of 22.8 { 9.1 mV (n Å 13) and mean tive discharges without impairing synaptic inhibition, in part from the removal of Mg 2/ blockade of the N-methyl-Dduration of 281 { 126 ms (n Å 13; range 120-460 ms). During simultaneous intra-and extracellular recordings, no aspartate-receptor-gated ion channel (Nowak et al. 1984;  Sutor and Hablitz 1989). giant excitatory postsynaptic potentials were observed to oc-J545-6 / 9k0c$$fe06
09-04-97 20:23:21 neupal LP-Neurophys creased by 68% (histogram in Fig. 2F found between the pooled values of these parameters in the two genotypes (summarized in Table 1 ). No correlations In 0 mM extracellular Mg 2/ concentration, periodic field were found when comparing single action potential rise time, discharges and associated giant excitatory postsynaptic po-decay time, and half-width with the membrane R in . tentials were observed in the cortex of both /// and stg/ The relationship between firing rate and injected current stg slices. In field recordings, the most obvious difference ( f-I plot) in stg/stg and /// neurons is shown in Fig. 3 . between the two genotypes was a slightly less regular dis-The mean interspike interval was characterized by a single charge rhythm in the mutant cortex associated with more slope. The slopes were averaged in each genotype ( ///, pronounced afterdischarge activity. In intracellular re-154.4 { 24.5 Hz/nA, n Å 10; stg/stg, 217.7 { 24.1 Hz/ cordings, there were no significant differences between the nA, n Å 11, Fig. 3A ) and statistical comparison of the mean depolarizing component of the giant excitatory postsynaptic slope values revealed a significant increase of 29% in stg/ potentials recorded in /// (amplitude 31.1 { 9 mV, dura-stg cells (Fig. 3B, Table 1 ). tion 389 { 114 ms, n Å 14) and stg/stg (amplitude 21.9 { 6.3 mV, duration 440 { 158 ms, n Å 12) neurons. However, Afterpotentials following short depolarizations in visually the zero-Mg 2/ -induced afterburst hyperpolarization in the identified pyramidal neurons mutant neurons was significantly decreased by 77%, from Because the observed decrement in network burst-induced 6.9 { 1.1 mV to 1.5 { 0.7 mV in /// and stg/stg neurons, AHP (Fig. 1D) , and the increased f-I relationship (Fig. 3) respectively (P õ 0.001) (Fig. 1, C and D cordings were obtained with the use of a KMeSO 4 /0.1 mM To determine whether the spontaneous discharges and re-EGTA filling solution. Short current pulses (2-5 ms, ///, duced AHP might be due to intrinsic membrane alterations, n Å 7; stg/stg, n Å 6) were used to evoke single action we used whole cell recordings to analyze firing properties in potentials. No qualitative differences in the repolarization of deep cortical neurons. Whole cell recordings were obtained the action potential were found between the two genotypes. from 32 wild-type (9 adult and 6 P18-20 mice, from 1-4 Thus most of the action potentials exhibited a depolarizing neurons per mouse) and 33 mutant neurons (9 adult and 3 afterpotential on the falling phase, the amplitude of which P18-20 mice, from 1-6 neurons per mouse) (with both fill-could be modified by varying the membrane potential (Fig.  ing solutions) . Mean values for V r and R in were not statisti-4, A and B). The depolarizing afterpotential was always cally different between the two genotypes (see Table 1 ).
followed by a slow decay toward resting potential. No fast Cortical neurons were classified by the characteristics of AHP was observed, and slow AHPs ranged from 0 to 3 mV their repetitive firing patterns during injection of depolariz-in both genotypes without significant amplitude differences. potentials more negative than V r . In current-clamp mode, 10 5, A and D). The membrane potential reached an initial peak value and then decayed slowly toward resting potential until cells were recorded with the use of the blind patch-clamp technique (///, n Å 5; stg/stg, n Å 5; potassium gluconate/ the end of the hyperpolarizing pulse. When the peak value was subtracted from the end value at very hyperpolarized 10 mM EGTA) and 8 were studied under visual control (///, n Å 4; stg/stg, n Å 4; KMeSO 4 /0.1 mM EGTA). potentials (///, 0115 { 9 mV; stg/stg, 0114 { 2 mV), the membrane potential difference was significantly increased in Electrotonic responses (depolarizing sag) were observed at potentials more negative than rest in both genotypes (Fig. the mutant fied neurons (Tables 1 and 2 ). In voltage-clamp mode, 13 polarizing voltage steps (Fig. 5, B and E) . Normalized peak tail current amplitudes in both genotypes were well fitted visually identified pyramidal neurons were recorded (///, n Å 7; stg/stg, n Å 6; KMeSO 4 /0.1 mM EGTA). with a single Boltzman function (Fig. 6C) . In young mice (P18-20), half-activation did not differ between the two All cells were held at 070 mV and hyperpolarized during a 2-s pulse with 10-mV incremented steps (Fig. 5, B and E). genotypes (Table 2) , with a slope factor of 5.2 { 0.5. Thus, at 080 mV [a potential within the voltage range of the An apparent increase in a slowly activating inward current (///, 76.8 { 14.4 pA; stg/stg, 221 { 44.2 pA) was mea-cellular repolarization (AHP)], no significant difference in the average percentage of activation was measured (///, sured (see METHODS ), leading to a strong rectification of the current-voltage curve in stg/stg neurons at hyperpolarized 15.6 { 1.4%; stg/stg, 11.7 { 3.3%; P ú 0.3). When CsCl (3 mM) was bath applied in current-clamp mode at rest, a potentials (Fig. 5 , C and F, Table 2 ). When normalized to cell capacitance, a significant increase in current density was hyperpolarization of 2.9 { 0.7 mV of the V r was measured (///, n Å 3; stg/stg, n Å 2) without differences between observed (Table 2 ). This current was reversibly blocked within 15 min of bath perfusion with 3 mM CsCl (not shown, the two genotypes. n Å 3 each genotype) and thus referred to here as the cesiumsensitive hyperpolarization-activated current. Current traces Normal morphological appearance of stg deep layer were well fitted with one exponential (Fig. 6A) , the activa-cortical neurons tion time constant appeared to be voltage dependent (Fig.  6B) , and no significant differences were observed between To determine whether any obvious morphological alterations such as soma size might contribute to the excitability values obtained from /// and stg/stg neurons ( Table 2 ). The voltage dependence of the activation was determined differences measured in the mutant neurons we sampled, cortical sections corresponding to the regions analyzed were from tail current relaxations that followed a family of hyper- . Note the lack of fast AHP when the action potential is evoked from rest. B: same cell is depolarized to 056 mV with the use of direct current injection, and the action potential is evoked with a 300-pA depolarizing current step (top trace). The AHP is enhanced when the action potential is triggered from a depolarized membrane potential. Similar single action potential AHP behavior was observed in ///. vated, cesium-sensitive inward current could be partly responsible for the observed hyperexcitability. Although the stained with an antibody for the delayed-rectifier-type K / existence of intrinsic membrane property changes in other channel Kv2.1 and compared between genotypes. Immuno-cortical layers remains to be explored, these results provide cytochemistry with this antibody clearly outlined the soma the first evidence for a neocortical excitability defect within and apical dendrite over an extensive distance in the deep thalamocortical circuitry in a naturally occurring model of pyramidal neurons. No cell density or soma size differences spike wave epilepsy. were observed in this cell population between the two genotypes (Fig. 7) . Calculated mean soma surface area was Cortical excitability defects and spike wave epilepsy 263.0 { 34.0 mm 2 in /// mice (n Å 30) and 253.2 { 47.1 mm 2 in stg/stg mice (n Å 30, P Å 0.36). In addition, the Although in vitro hyperexcitability does not necessarily signify that generalized spike wave seizures are of cortical intensity of the Kv2.1 antibody staining used as a marker 
